Whole bodies of Xenopus laevis (n = 19) were analysed for chemical composition and morphometrics. The nutrient profile (macronutrients, amino acids, fatty acids and minerals) was evaluated by sex; interactions among variables with body weights and lengths, and comparisons made with different species of marine and fresh water fish. Significant differences were found in morphometric measurements, water content, several minerals and fatty acids between sexes of X. laevis. Amino acid profiles differed in methionine, proline and cysteine, which could underlie different metabolic pathways in frogs when compared to fish. In addition, fatty acid profiles revealed more monounsaturated and n − 6 polyunsaturated fatty acids in frogs than in fish, more similar to values reported for terrestrial than aquatic vertebrates. Important interactions were also found between body measurements and fat, calcium, and phosphorus, as well as between essential and non-essential amino acids. The results indicate that frogs might have particular biochemical pathways for several nutrients, dependent on sex and linked to body weight, which ultimately could reflect specific nutrient needs.
INTRODUCTION
The nutritional requirements of species are fundamental to formulate adequate diets for captive individuals. In the case of amphibians, there is a dearth of information regarding nutrition, where research has been hampered by species' physiological adaptations and their ectothermic nature, which make them especially sensitive to changes in environmental conditions (temperature, humidity, seasonality, photoperiodicity, rainfall, etc.) (Duellman & Trueb, 1994; Carmona-Osalde et al., 1996; Ferrie et al., 2014) . Since worldwide recognition of the widespread decline of many amphibian species (Bishop et al., 2012; Whittaker et al., 2013) , specialists and conservation organizations urge for more captive programs to be developed to prevent potential population extinction (Schad, flexibility, where changes in diet, frequency of food intake and seasonality may influence the enzymatic activity as well as the morphology of the digestive tract (Secor, 2001; Sabat, Riveros & López-Pinto, 2005; Naya, Bozinovic & Sabat, 2008) .
The body's nutrient profile can also yield valuable information on what is required by an animal, considering distribution and associations in the whole body as a reflection of the animals metabolic activity and dynamics. Interesting findings in this regard have been reported in several species such as the arctic caribou (Gerhart et al., 1996) , the laboratory rat (Donato et al., 2006) and several avian species (Daan, Masman & Groenewold, 1990) , where body composition (in terms of macronutrients) and energy turnover varied with physiological state, seasonal changes and diet. Moreover, body composition can also be impacted by factors including sex and size (Szendro et al., 1998; Hall et al., 2007) . Overall, few detailed studies examining diet and nutritional biochemistry with amphibian species exist (Olvera-Novoa, Ontiveros-Escutia & Flores-Nava, 2007; Ferrie et al., 2014) and, therefore, nutritional recommendations are often based on other species models. A straightforward analysis of the nutrient concentrations in amphibian bodies cannot deliver clear nutritional guidelines, but it can provide relationships among nutrients that can-as a first step-provide insights into amphibian nutrient metabolism.
Regardless of conservation programs, anurans are maintained in captivity as laboratory animals as well as part of collections in zoos and herpetaria (Browne, 2009; Brown & Rosati, 1997) . Likewise, they have been used as whole prey items of various captive feeding programs in zoos (Kwiecinski et al., 2006; Rosin & Kwiecinski, 2011) for certain predators (e.g., storks, snakes, mammals, other anurans), frequently and/or seasonally (Schaaf & Garton, 1970; Hoyo, Elliot & Sargatal, 1992; Schairer, Dierenfeld & Fitzpatrick, 1998; Pearl & Hayes, 2009) . In this respect, the African clawed frog, Xenopus laevis, has a long history in scientific research, as a major non-mammalian laboratory animal model in vertebrate physiology, biochemistry and cellular biology, and other scientific fields (Green, 2010) . We use this common captive-bred frog species X. laevis, as a model to investigate body composition as a first indication of nutrient dynamics and metabolism, and evaluate effects of sex and body size.
MATERIALS AND METHODS

Animals and housing
Nineteen adult X. laevis (n = 9 females, n = 10 males) from a healthy colony were used. Animals were housed in groups of three or four animals, separated by sex, in six 65 L tanks (60 ×30 ×36 cm) darkened on three sides, and provided with PVC pipes as hiding sites. Average water temperature of the tanks was controlled by a heater (Juwel R 50 W, Juwel Aquarium AG & Co, Rotemburg, Germany) and maintained at 22 • C with the photoperiod set at 12:12 h light:dark. Water quality of the tanks was monitored every two weeks and kept under the following conditions: 0.01-0.05 mg L −1 nitrites, 0. 
Diet and feeding
During the six month trials, animals were fed three times per week a pelleted diet made in the Laboratory of Animal Nutrition, composed of shrimp meal (66.0%), soy bean meal (30.25%), calcium phosphate (0.75%), beef fat (1%), multivitamin supplement (0.50%) and rice syrup (1.5%). The composition of this diet was based on studies performed in bullfrogs, Rana (Lithobates) catesbeiana (Silva et al., 2014; Mansano et al., 2016; Zhang et al., 2015) . The nutrient composition of the diet is presented in Table 1 . The weekly food intake (dry matter) per tank was 5.2 ± 0.6 g for females and 2.5 ± 0.4 g for males.
Chemical analysis
Euthanasia was performed through submersion of the frog in a solution of tricaine methanesulfonate (Green, 2010) ; the frogs were frozen, freeze-dried and ground to pass a one mm screen prior to analysis. Both whole animals and feed were analysed for proximate components (AOAC, 1984) , amino acid content after defatting (Van Rooijen et al., 2014) , and mineral profiles (Dermauw et al., 2013) . Fatty acid profiles (Vlaeminck, Braeckman & Fievez, 2014) were conducted only on the frog samples. All data from body composition (macronutrients, amino acids and fatty acids expressed as percentages of the sum of total) were further compared to other frog species (Rana esculenta) as well as marine and fresh water fish (Black Sea anchovy Engraulis encrasicholus, Commersons anchovy Stolephorus commersonii, cod Gadus morhua and tilapia Oreochromis niloticus). The choice was based on vertebrate species with similar habitat (aquatic), for which detailed whole body composition was available. This search was accomplished through a literature review using Google Scholar with a search term for whole body chemical composition of the selected species.
Statistical analysis
All data were expressed as means and standard deviations, and were normally distributed. Analyses performed included univariate ANOVA to determine differences of morphometric measurements and nutrient profiles (denoted as concentrations on a dry matter basis) between sexes with significance declared at p < 0.05. All data were further combined to define relationships among morphometric measurements (weight and length) and nutrient levels through a multivariate analysis using principal components analysis (PCA), deemed relevant with a value above 0.5 and below -0.5 in the magnitude of each component. This analysis included the scores, as well as relative (percentages of the total) and absolute (concentrations per unit of dry matter) values of each nutrient, in order to identify associations independent of the dry matter (in the first case) as well as distribution in the tissues (in the second case). The same analysis was performed with the residuals of all variables obtained after correcting the data for sex, to determine whether variations independent of sex could be detected. From each component, groups relevant for nutritional physiology were highlighted in clouds in the plots. All statistical analyses were conducted using the SPSS 23 program. 
RESULTS
Differences between sexes
The score plot ( Fig. 1) shows no distinct separation between the two sexes. Yet, some parameters do appear linked to sex and size. Weights and lengths of females and males significantly varied (p < 0.001), averaging 83.2 ± 18.4 and 39.0 ± 6.6 g, and 79.0 ± 8.2 and 58.8 ± 3.9 mm, respectively. Besides these morphometric differences, females had a higher content of dry matter and less total ash than males, while crude fat and crude protein content did not differ. Calcium and phosphorus values were higher, and iron and selenium were lower in males compared to females (p < 0.05) ( Table 2 ). Amino acid values are presented in Table 3 . Although not significant, males presented numerically higher values than females. On the other hand, the fatty acid profiles exhibited by females had higher values of both saturated (SFA) and monounsaturated fatty acids (MUFA) (p < 0.05), while males had numerically more polyunsaturated fatty acids (both n − 3 and n − 6 PUFA) ( Table 4) .
Comparison with Rana esculenta and fish species
Comparing the proximate analysis and minerals with fish species, frogs generally showed a similar body composition profile, with fairly high protein and fat content. Among all species, E. encrasicholus was exceptional with higher water and fat, as well as lower ash. With respect to minerals, X. laevis contained more calcium and phosphorus than the other (Table 5) . In relation to amino acids, the dominant amino acid in all the species was glutamate+glutamine, followed by aspartate+asparagine, glycine (except O. niloticus) and lysine, meanwhile methionine was lowest only in X. laevis and S. commersonii. Proline showed a substantial numerical difference between frogs and fishes ( Table 6 ). As for fatty acid profiles, E. encrasicholus presented the highest fat and n − 3 PUFA content, whereas frogs presented the higher total MUFA and lower n − 3 PUFA concentrations. Despite G. morhua and O. niloticus presenting low fat and high MUFA concentrations, the latter species nonetheless displayed fat with a high SFA proportion (Table 7) .
Associations between parameters in the combined X. laevis data
Analysis of nutrients in terms of concentrations ( Fig. 2) clearly shows the main groups of macronutrients in the frogs body, with two clusters on component 1, one with amino acids and minerals (A) and the other with morphometric measurements and most of SFA and MUFA (C). From component 2, independent of amino acids, minerals and saturated fatty acids, there is a group with many n − 3 and n − 6 PUFA (B). In this plot, component 1 explained 50% and component 2, 19.2% of the variation, respectively
The principal components plot displays the relationships of morphometric measurements and all nutrients of X. laevis bodies in terms of relative data (percentages) ( respectively). Along the component 1 axis, group A showed positive relationships between weight and length with selenium, copper and crude fat, as well as several monounsaturated fatty acids, while group B presented positive associations with glutamic acid and different fatty acids, ash, calcium, phosphorus and arginine. Group A also demonstrated how sex is strongly related to morphometric measurements. Likewise, the inverse associations between Groups A and B comprise the clear contrast between the fatty acid profiles (MUFA and PUFA), fat and macro minerals (calcium and phosphorus) and morphometric measurements (with a wide profile of individual fatty acids and macro minerals), as well as in some amino acids from groups C and D. Additionally, component 2 conspicuously had two strongly contrasting groups of amino acids (Fig. 3) . This component exhibited two groups of these nutrients, separated into essential (Group C) and non-essential (Group D) amino acids, also showing inverse associations between these constituents. Weight, length and fatty acid values did have a minor contribution to either positive or negative associations in this particular assessment. The PCA of the residuals after accounting for sex (Fig. 4) showed how variables from group B (fat, total MUFA) and group C (glutamic acid, ash and several PUFA) remained grouped and inversely related as seen in Fig. 2 , while group A (weight, length, selenium, the sum of SFA and several MUFA) are clustered in the centre with no significant association to B and C. This indicates that these associations are independent of sex and morphometric measurements. Both components explained 51.4% of the variation (33.4 and 18.0% from components 1 and 2, respectively).
DISCUSSION
Differences between sexes
Female frogs were 51.3% heavier and 25.6% longer than males. This pattern of sexual size dimorphism occurs in approximately 90% of anuran species, and is explained mainly by fecundity selection and high survival rates compared to males, following the patterns of many other lineages of poikilothermic vertebrates in which females are the larger sex (Shine, 1979; Kupfer, 2007) . Likewise, results showed also concomitant differences in their body composition. Schulte-Hosedde, Millar & Hickling (2001) reported differences between sexes in bushy-tailed wood rats (Neotoma cinerea), deer mice (Peromyscus maniculatus) and red-backed voles (Clethrionomys gapperi), with males having more body water and a leaner dry mass composed primarily of ash. Similarly, the proximate composition differences reported between sexes in the fresh water catfish Wallagu atto (Yousaf, Salam & Naeem, 2011) , agreed with the findings from this study in X. laevis. Water is more closely related to protein than fat; although both parameters showed no differences between sexes, Gürbüz & Özyurt (2008) and Oduntan et al. (2012) . b Engraulis encrasicholus (wild), Gencbay & Turhan (2016) . c Stolephorus commersonii (wild), Sankar et al. (2013) . Shahidi et al. (1991) . e Oreochromis niloticus (farmed), combined data of El- Saidy & Gaber (1998) , Takeuchi et al. (2002) and Larbi-Ayisi, Zhao & Rupia (2017) .
females contained numerically more fat than males, which could influence the lean tissue proportion (muscle and ash). Females normally carry more fat than males to produce large and energy-rich macrogametes, as well as to facilitate successful production of offspring, while males could require a more robust skeleton to provide them advantages in mate searching and combat, where well-endowed individuals would pair successfully with the females (Andersson, 1994; Schulte-Hosedde, Millar & Hickling, 2001 ). These characteristics also might impact sex-specific dietary nutritional requirements as well as their own chemical composition, with ultimate goals of optimizing nutrient performance to best meet needs at different physiological stages. In production animals, diets are designed to maximize outputs and reduce losses, taking into account the dynamics of metabolism of the animal. Sex-specific differences in some nutrient requirements and utilisation during growth, reproduction, lactation and laying periods, for example, are recognised in livestock (McNamara & Phillips, 2000; McDonald et al., 2011) but have not previously been considered for amphibians.
Since the proportion of the skeleton in female bodies is lower than in males, associated nutrients such as total minerals (ash), calcium and phosphorus (possibly even magnesium) might also be expected to be lower. As a proportion of total minerals, however, females showed higher concentrations of selenium and a trend towards higher copper levels. In general, selenium and copper are related to soft tissues (muscles, kidneys, liver and brain). Selenium is a component of selenocysteine and selenomethionine, which are both sources of selenium suitable for the synthesis of selenoproteins (SePs), and also linked with glutathione metabolism. Copper aids the incorporation of iron into haemoglobin, particularly concentrated in the liver (McDonald et al., 2011) . Several studies have indicated sex differences in the metabolism of various trace minerals. Yeh et al. (1998) demonstrated that female rats (Rattus norvegicus domesticus) have a higher content of selenoprotein W in muscle and skin, higher glutathione peroxidase activity in the brain, liver, stomach and ovaries and higher selenium in the liver, while Smith, Cha & Kimura (1995) suggested that changes in both selenium and glutathione in females might be related to hormonal fluctuations and the stage of the rats reproductive cycle. Likewise, copper concentrations showed important sex differences in brain, liver and kidney of rats, being higher in females than males (Uchino, Tsusuki & Inoue, 1990) . The close match in amino acid profiles between the female and male frogs in this study indicates that animals have a relatively stable amino acid pattern, which also has been documented in both sexes of whole lumpfish, Cyclopterus lumpus (Njaa & Utne, 1982) , as well as in the edible portion of the common carp Cyprinus carpio (Buchtová et al., 2009) . Fatty acid profiles varied between sexes, with females containing greater proportions of SFA and MUFA, and males numerically more PUFA, particularly when expressed on a total body (rather than fat tissue) basis. Similar findings have been reported in the cultured brook trout Salvelinus fontinalis, Black Sea trout Salmo tutta labrax (Şahin et al., 2011 (Şahin et al., ), tilapia O. niloticus (Abelti, 2017 and the sea lamprey Petromyzon marinus (Happel, Rinchard & Czesny, 2017) . These results indicate that both sexes may possess different mechanisms for (or different requirements/pressures on) metabolism of certain fatty acids. Such observations warrant further investigation concerning sex differences in fatty acid profiles, as well as enzymatic reactions and specific pathways related to nutrient requirements in X. laevis.
Comparison with fish and R. esculenta
In general, the macronutrient profile of X. laevis was very similar to the species compared, except E. encrasicholus. Likewise, calcium and phosphorus values were higher in X. laevis than other species, indicating that both groups possess particular calcium mechanisms compared to endothermic species (Srivastav et al., 2000; Takeuchi et al., 2002) . Despite the general similitude with most amino acids, X. laevis showed some peculiarities in the case of methionine, cysteine and proline. The low level of methionine in the frog may be linked to different interactions with other amino acids, in this case, cysteine. Although speculative, methionine might be rapidly transsulphurated to cystathione and cysteine, and subsequently to glutathione and/or taurine to function as antioxidants, although more evidence is necessary to confirm this. In addition, proline was higher in X. laevis than in all fish compared. This structural amino acid, together with hydroxyproline, comprises the major components of collagen and cartilage present in the skin and connective tissues (Michal & Schomburg, 2012) , hence these constituents may have a higher distribution in the frogs body compared to fish. The differences found in the fatty acid profiles of X. laevis compared with fish species provide a first insight into anuran fat characterisation. The high MUFA and n − 6 PUFA found in X. laevis suggests that the frog does not behave like fish but rather like terrestrial animals, often showing lower n − 3 PUFA, and tending to accumulate instead saturated fats (Lladó, Pons & Palou, 1997; Fujiwara et al., 2015) . Certainly, those contrasts may also be impacted by diet and the origin of the animals (wild versus cultivated). While dietary fatty acids have been demonstrated to modify body tissue profiles in several terrestrial species (Crespo & Esteve-Garcia, 2001; Plantinga & Beynen, 2003) , R. esculenta showed a similar profile to X. laevis in this study, indicating some possible particularities related to this taxonomic group. In this regard, there is also evidence of a similar fatty acid profile in the marsh frog (Rana ridibunda), both from the wild as well as captivity (Cagiltay et al., 2014) . These fatty acid metabolic pathways have neither been well characterised, nor been the subject of direct comparisons made between aquatic and terrestrial species, for anurans.
The results obtained from the chemical analysis indicate that frogs likely have similarities that overlap with both marine and fresh water fishes. Considering the group's broad diversity, generalizations should be made with caution; distinctions among species, incorporating ecological and physiological adaptations must be considered in order to understand the complexity of nutrient dynamics and mechanisms in anurans.
Associations between parameters in the combined X. laevis data
The PCA tests detected not only engaging clustering among nutrients, sex and body measurements, but also showed that interpretation of data does depend on the units utilised for the analysis. In the first instance, the analysis in terms of nutrient concentrations on a dry matter basis (Fig. 2) provides information regarding how the nutrients are distributed per amount of dry matter, exhibiting a profile of differentiation depending on the tissues (muscle, skeleton, fat deposits). However, that profile does not indicate the types and relationships of nutrients in those tissues, which can be observed when evaluated in terms of relative values (Fig. 3) , because the composition of the dry matter is dependent on the relative proportions of nutrients (McDonald et al., 2011) .
When amino acid and fatty acid proportions were included in the PCA (Fig. 3) a close relationship between body weight and sex as a result of allometric effects, with several chemical components distributed differently in the body (McDonald et al., 2011) , was observed. Results from component 1 variables (Group A) demonstrated direct associations between weight and length with fat content, as well as body selenium and copper. In this regard, most of the copper is considered active or in transit within the body, acting as a cofactor in several enzymes and electron transport proteins involved in energy or antioxidant metabolism (Linder & Hazegh-Azam, 1996) . Likewise, selenium incorporated into selenoproteins plays a critical role in optimum protein function and is distributed throughout the animal's body (Shini, Sultan & Bryden, 2015) .
The strong positive association of morphometric measurements and MUFA in X. laevis suggests that MUFA are important contributors to size and weight in these frogs. However, the PCA of the residuals (Fig. 4) showed that clusters of fat and MUFA do not seem to depend exclusively on sex and body measurements, meaning that other, yet unknown effects were dominating these associations. The overall body fatty acid composition might be strongly related to dietary abundance (Tokur, Gürbüz & Özyurt, 2008) . In frogs, the majority of the lipids are stored in the fat bodies, with a reported 41% corresponding to saturated and 59% to unsaturated fatty acids (Fitzpatrick, 1976) . High levels of MUFA have also been mainly associated with adipose tissue in adult bulls (Bos taurus and B.
indicus; Smith et al., 2013) and rats (Fujiwara et al., 2015) , as well as in skin, fins and tails of different species of fish (Sahari et al., 2013) . Clearly, further detailed information on tissue analysis and effects of the diet are required to better understand relationships to frog body composition.
PUFA, as well as ash, calcium and phosphorus, were negatively associated with frog weight and length, indicating that the profile of fatty acids can vary depending on how ''fat'' or ''fit'' the animal is (recalling that fitness is also related to the skeletal composition in terms of calcium and phosphorus content). Additionally, the residuals showed that such associations could be derived from other causes, which is not yet fully understood in the case of anurans.
Component 1 (Group B) also showed a strong positive association of glutamate with several fatty acids as well as with arginine (Fig. 3) . Glutamate plays a key central role in amino acid interconversions, and comprises a high proportion of the body pool of amino acids in the free form, but also incorporated into proteins. Glutamate also can be condensed with acetyl-CoA to yield N-acetylglutamate, the initial compound for ornithine synthesis, which in turn can be converted into arginine (Michal & Schomburg, 2012; Watford, 2015) . On the other hand, fatty acid synthesis from glutamate has been reported in animals, taking place in the cytosol through the backward pathway of the Krebs cycle, where glutamate is converted to 2-oxo-glutarate and thereupon to citrate, which is split to yield acetyl-CoA needed for fatty acid biosynthesis (Madsen, Abraham & Chaikoff, 1964; Michal & Schomburg, 2012) . Although speculative, given the relationships shown by X. laevis in the current study, it could be assumed that frogs also share these metabolic pathways, though more evidence remains to be addressed in controlled studies.
Remarkably, independent of sex, results of associations from component 2 of the PCA (Fig. 3) indicated that the small amino acids such as proline, glycine, alanine and also arginine (Group D), seem to separate from the others (Group C). Proteins of connective tissues like collagen and elastin are rich in proline, alanine and glycine, while arginine plays an important role in the urea cycle (McDonald et al., 2011; Michal & Schomburg, 2012) . Amino acids from Group C (Fig. 3) are mostly found in muscle and organ tissues from many species, including frogs, with muscles containing high lysine, and heart, liver, kidney and brain more phenylalanine (Beach, Munks & Robinson, 1943; Cagiltay et al., 2014) . Interestingly, arginine being grouped with the non-essential amino acids suggests that obligate, frequently feeding carnivores (for which arginine is a dietary essential; Bosch, Hagen-Plantinga & Hendriks (2015) may not be the most suitable physiologic model for amphibians, although this goes beyond the scope of the current study. These integrated nutrient profiles, complemented with both absolute and relative data, provide valuable observations regarding nutrient dynamics in the frog body, which ultimately might be indicators of frog nutrient requirements.
CONCLUSION
The frogs were high in protein and moderate in fat content, with sex-specific mineral and fatty acid differences, but similar amino acid patterns. Compared to a number of fish
